A coalescence model using the observed properties of pre-stellar condensations (PSCs) shows how an initially steep IMF that might be characteristic of primordial cloud fragmentation can change into a Salpeter IMF or shallower IMF in a cluster of normal density after one dynamical time, even if the PSCs are collapsing on their own dynamical time. The model suggests that top-heavy IMFs in some starburst clusters originate with PSC coalescence.
INTRODUCTION
A recent study of observations of the stellar initial mass function (IMF) suggest there are systematic variations where the IMF gets flatter, or more top-heavy, in denser regions (Elmegreen 2004 ). This paper proposes that the high mass part of the IMF varies with density as a result of the coalescence of dense pre-stellar condensations (PSCs), such as those observed by Motte, André, & Neri (1998) , Testi & Sargent (1998) , Onishi et al. (2002) and Nomura & Miller (2004) . These objects have densities in the range from 10 5 cm −3 to 10 7 cm −3 , and masses from 0.1 M⊙ to a few M⊙, giving them sizes of ∼ 10 4 AU. The largest PSCs may be self-gravitating (Johnstone et al. 2000 (Johnstone et al. , 2001 Motte et al. 2001; Umemoto et al. 2002) , as may those with stars . The size and spatial proximity of PSCs in a cloud core suggest their coalescence might be important for the highest masses (Elmegreen & Shadmehri 2003) . This process is modelled to illustrate its possible effect on the IMF.
THE MODEL
Consider the evolution of a distribution n(r, M, t) of PSCs with masses M and radii RP at positions r inside a cloud having a mass Mc and radius Rc. The cloud density profile is
where the core radius is Rc0 and the central density is given by the cloud mass:
The PSCs are taken to have density profiles (Whitworth & Ward-Thompson 2001) 
where central density ρp0 is assumed to be constant and the radius Rp varies with condensation mass Mp and position r in the cloud. The positional variation assumes the density at the edge of the condensation equals the ambient cloud density, ρp (Rp) = ρ(r), so PSCs of the same mass are smaller near the cloud core. Thus the density contrast between the condensation center and the edge is
and the PSC radius can be written as
where
and a(r) = C(r) − 1;
Rp (r, M ) is assumed to be the PSC radius at the beginning of its collapse. The average radius of the PSC used in the collision rate should in general be smaller than Rp because of PSC collapse. Each PSC is assumed to collapse at a rate proportional to its central dynamical rate, (Gρp0) 1/2 , so each PSC radius drops effectively to zero as e −ν(Gρ p0 ) 1/2 t for parameter ν ∼ 1. For a distribution of formation times τ up to c 0000 RAS the current time t, these assumptions give the average PSC radius for use in the collision cross section:
Now that the PSC radius is defined, the PSC collision rate and the evolution of the IMF can be calculated. Two components are assumed for the IMF at intermediate and high mass. One is intrinsic to the formation of PSCs and independent of coalescence. This could be a power law if the PSC formation process is scale-free, or it could be lognormal if there is a characteristic mass and some type of random multiplicative fragmentation or build-up. To illustrate how apparently power law IMFs can result from IMFs with a characteristic mass, the model considers a log-normal intrinsic spectrum of PSC mass,
† (to use the notation of Scalo 1986). This is taken to be normalized so that
f (M )dM = 1 for minimum and maximum stellar masses Mmin and Mmax. Power law models were also made and the results were qualitatively the same as those reported here so they are not discussed further.
The time-evolution of the number, n, of stars between masses M and M + dM at time t and distance r from the center of the cloud is
where < M > is the average mass in the IMF, ǫ and η are efficiencies, and σ and v are the coalescence cross section and relative velocity. The first term is the spontaneous star formation rate. It is written to give a local rate ǫρ (Gρc[r]) 1/2 in units of mass per volume per time, where ǫ is the fraction of the gas mass converted into star mass in each unit of dynamical time, (Gρc) −1/2 (see Elmegreen 2002) . Typically ǫ ∼ 0.2−0.5 from observations of cluster formation efficiencies and timescales (Lada & Lada 2003; Elmegreen 2000) . When divided by the average star mass in the IMF, < M >= M f (M )dM , it gives the number of stars formed per unit volume and time. The function f (M )dM is the probability that a star has the mass M between M and M + dM . Multiplication of the count rate by f(M) gives the number of stars forming per unit volume and time in a dM mass interval around M . Note that the star formation mass per volume and time is M n(r, M, t)dM , which is ǫρ (Gρc) 1/2 again, since M f (M )dM =< M > cancels the < M > in the denominator of equation (9).
In the composite IMF model, f (M ) should have a steep slope at intermediate to high mass so the overall IMF has a steep slope (|Γ| ≥ 1.7) in low density environments, as is apparently observed (Elmegreen 2004) . The Miller-Scalo log-normal function is used here because it has this property. † In this paper, log refers to base 10 Scalo (1986) cautioned that the Miller-Scalo function is not a good representation of the field-star IMF. He replaced the log-normal with a slightly steeper function at intermediate mass and a slightly shallower function at high mass. Here, the Miller-Scalo log-normal is used only as a starting point for the calculation, calling it a spontaneous IMF, and then it is evolved with coalescence to get a final IMF. For this log-normal, which is defined for equal intervals of log(M ), the probability function f (M ), which is defined for equal intervals of M , is given by:
where f0 is the normalization factor making f (M )dM = 1. The second term in equation (9) represents the collision rate to form a PSC of mass M per unit intervals of time, volume, and mass. The cross section σ includes gravitational focusing,
The collision velocity v for PSCs is not well observed. It may be the same for all objects and comparable to the virial velocity in the whole cloud, or may be a function of distance from the center, v ∝ r α , in analogy with some turbulence models. Here, v is assumed to equal a representative threedimensional virial velocity,
The coefficient in front of this expression to correct for the non-uniform mass distribution in the cloud is relatively unimportant; most of its effect can be absorbed in the factor η. The third term in equation (9) is the rate of loss of condensations of mass M resulting from collisions with all other masses (see Field & Saslaw 1965) . Equation (9) is solved as an initial value problem by assuming n(r, M, 0) = 0 at t = 0. The number density of PSCs between masses M and M + dM starts out like f (M ) for all r, but once a few PSCs form, collisions convert low and intermediate mass stars into high mass stars, changing the IMF. Because most of the cloud mass is at low density where collisions are relatively unimportant, the IMF is not affected much overall, but at small radii it can change a lot, becoming flatter at high mass. Figure 1 shows several solutions to equation (9). The plotted quantity is an integral over radius in the cloud, 2.3M R 0 n(r, M, t)4πr 2 dr, where the multiplication by M/ log(e) = 2.3M converts the function n to log intervals for plotting. The cloud parameters are: Mc = 10 4 M⊙, Rc0 = 0.1 pc, and Rc = 5 pc. The PSC central density is ρp0 = 10 8 µ cm −3 for mean molecular weight µ = 4 × 10 Evidently coalescence in dense clusters can turn a steep intrinsic IMF into one that resembles a Salpeter function, with a slope of ∼ −1.35 or shallower. The same spontaneous IMF without collisions would have a slope of 1.7 or steeper, depending on the mass range.
SUMMARY
We considered a cluster with nonuniform density profile and known mass and radius, in which PSCs can move approximately with virial velocity. Considering collisions between PSCs and their gravitational collapse, a differential equation is presented and solved numerically which gives number density distribution of PSCs inside the cloud at each radius, mass interval and time. In order to control the collision and the collapse rates in a phenomenological way, some input parameters are introduced. We explored a wide range of input parameters and the results were qualitatively the same as those reported here. In some starburst regions a high fraction of high mass stars compared to low mass stars has been reported which means a high mass bias (e.g., Sternberg 1998; Smith & Gallagher 2001) . Our results suggest this shift in high mass part of IMFs in these starburst clusters may originates from PSCs coalescence. Elmegreen (2004) discussed how various physical processes operating in at least three mass regimes may lead to three components IMF. This point is demonstrated by reviewing the observations of IMF variations and using two simple models showing the observed power law distributions do not necessarily imply a single scale free star formation mechanism (Elmegreen 2004) . Our work in this paper confirms this expectation by presenting a simple model for collisions between PSC in clusters and its possible effect on IMF. Of course, we did not intend to fit the IMF with a particular coalescence model, but showing that the high mass part of IMF in a composite model as suggested by Elmegreen (2004) , may change due to interactions between PCS.
